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ABSTRACT
The Next Generation Virgo Cluster Survey is a deep (with a 2σ detection limit µg = 29 mag arcsec
−2
in the g−band) optical panchromatic survey targeting the Virgo cluster from its core to virial radius,
for a total areal coverage of 104 square degrees. As such, the survey is well suited for the study of
galaxies’ outskirts, haloes and low surface brightness features that arise from dynamical interactions
within the cluster environment. We report the discovery of extremely faint (µg > 25 mag arcsec
−2)
shells in three Virgo cluster early-type dwarf galaxies, VCC 1361, VCC 1447 and VCC 1668. Among
them, VCC 1447 has an absolute magnitude Mg = -11.71 mag and is the least massive galaxy with a
shell system discovered to date. We present a detailed study of these low surface brightness features.
We detect between three and four shells in each of our galaxies. Within the uncertainties, we find no
evidence of a color difference between the galaxy main body and shell features. The observed arcs
of the shells are located upto several effective radii of the galaxies. We further explore the origin of
these low surface brightness features with the help of idealized numerical simulations. We find that
a near equal mass merger is best able to reproduce the main properties of the shells, including their
quite symmetric appearance and their alignment along the major axis of the galaxy. The simulations
provide support for a formation scenario in which a recent merger, between two near-equal mass,
gas-free dwarf galaxies forms the observed shell systems.
Subject headings: galaxies: dwarf, galaxies: evolution galaxies: formation - galaxies: stellar population
- galaxy cluster: Virgo cluster
1. INTRODUCTION
Fine structures in deep imaging of galaxies are of-
ten used as supporting evidence that galaxies are evolv-
ing within the hierarchical merging scenario. Features
such as shells, stellar streams, filaments and tidal tails
are commonly found in deep imaging surveys of massive
galaxies (Schweizer 1982; Turnbull et al. 1999; Wilkinson
et al. 2000; Cooper et al. 2011; Duc et al. 2015). However,
when it comes to lower mass galaxies, such features are
found much less frequently. In the hierarchical cosmology
* Based on observations obtained with MegaPrime/MegaCam,
a joint project of CFHT and CEA/DAPNIA, at the Canada-
France-Hawaii Telescope (CFHT) which is operated by the Na-
tional Research Council (NRC) of Canada, the Institut National
des Sciences de l’Univers of the Centre National de la Recherche
Scientifique of France and the University of Hawaii.
scenario, low mass galaxies are the first objects to form.
In fact they are believed to be the building blocks of all
more massive galaxies, who grow from these first blocks
through a process of merging. Therefore many of today’s
low mass early-type galaxies, so-called dwarf spheroidal
galaxies (dSph), are believed to be primordial galaxies –
the left over building blocks of galaxy formation events
(Grebel et al. 2003; Ricotti & Gnedin 2005).
Faint shell-like features were first reported by Arp
(1966). Since then, they have been studied with great
interest, both observationally and theoretically. A vari-
ety of models have been proposed for the formation of
shells (Quinn 1984; Thomson 1991; Hernquist & Spergel
1992). It is generally accepted that the shells are the
results of phase wrapping or spatial wrapping (Quinn
1984). Early studies mainly discussed shell formation in
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the context of minor mergers, where the shells are the
stellar remnant of an accreted secondary galaxy (Quinn
1984; Dupraz & Combes 1986; Hernquist & Quinn 1988,
1989). However, Hernquist & Spergel (1992) showed that
major mergers can also produce shell systems that are
similar to the observed ones. Therefore, it is not clear
whether shell formation happens preferentially in major
or minor mergers, or equally in both. Either way, the re-
cent literature strongly supports the picture that shells
form during mergers. Therefore, the presence of shell fea-
tures has a clear interpretation. Other typical low surface
brightness features such as stellar streams, and filaments,
are likely the result of tidal interactions. The difference
between shells and these other features is that the shells
are only present after the merger has occurred, whereas
streams may be formed before the merger, during a tidal
stripping phase (e.g Paudel et al. 2013).
A classification scheme of shell system was proposed by
Prieur (1990), where interleaving shells that are aligned
along the major axis of the galaxy can be classified as
type-I systems. Type-II systems have randomly dis-
tributed shells all around the galaxy. NGC 7600 and
NGC 474 are well known examples of type-I and type-II
shell system, respectively (Cooper et al. 2011; Duc et al.
2015). Type-III systems are those which can not be clas-
sified as type-I or type-II. Hernquist & Spergel (1992)
showed that type-I shell system can be formed during
equal mass mergers. Good examples of Type-I systems
include NGC 3923 and NGC 7600. The former is ex-
tensively reviewed by Carter et al. (1998) (also see B´ılek
et al. 2016), and a visual replica of the latter has been
reproduced via mergers, by Cooper et al. (2011), using
cosmological simulations.
With the discovery of a shell-like feature in the For-
nax dwarf galaxy, there has been a plethora of observa-
tional and theoretical studies, interpreting and discussing
the origin of this structure in the recent literature (Cole-
man et al. 2004, 2005; Olszewski et al. 2006; Coleman
& de Jong 2008; Bate et al. 2015; del Pino et al. 2013).
The most likely interpretation is that Fornax has formed
through a minor merger of two dwarf galaxies (Yozin &
Bekki 2012). Until now, Fornax was the only galaxy of
mass M∗ < 1×108M known to possess shell features.
However a number of authors have disputed the true na-
ture of the observed shell-like feature (e.g. Pen˜arrubia
et al. 2009; Bate et al. 2015). As it is nearby, the stars
can be resolved individually, enabling one to carry out a
detailed kinematic and stellar population study.
Low mass early-type galaxies, generally referred to as
dwarf Ellipticals (dEs), dominate the cluster and group
environment by number. They are very rare in isola-
tion or in the field environment (Binggeli et al. 1985;
Geha et al. 2012). Such an extreme form of the so-called
morphology-density correlation favors the idea that the
local environment plays a significant role in the evolution
of these galaxies (Boselli & Gavazzi 2014). Moreover, it
is commonly believed that, by having a shallow poten-
tial well, low-mass galaxies should be more significantly
influenced by their surrounding environment, and less
so by merging events. Nevertheless, mounting evidence
suggests that galaxy-galaxy mergers in low mass galax-
ies might not be as rare as was previously thought, and
there is much speculation on the importance of mergers
for the observed structural, kinematic, and stellar popu-
lation properties of many dwarf galaxies (e.g Geha et al.
2005; Graham et al. 2012; Amorisco et al. 2014; Paudel
et al. 2014; Toloba et al. 2014; Pak et al. 2016). Very
recently, direct observational evidence for mergers be-
tween dwarf galaxies has been discovered (e.g. Mart´ınez-
Delgado et al. 2012; Penny et al. 2012; Rich et al. 2012;
Johnson 2013; Nidever et al. 2013; Crnojevic´ et al. 2014;
Paudel et al. 2015; Stierwalt et al. 2015). Furthermore,
for the first time, the latest numerical simulations are
able to reach the required resolution in order to study
the effects of dwarf-dwarf mergers in a cosmological sce-
nario (Klimentowski et al. 2010; Kazantzidis et al. 2011;
Deason et al. 2014; Ben´ıtez-Llambay et al. 2016), and
these demonstrate that dwarf-dwarf mergers are a viable
mechanism to form dwarf spheroidals in the Local Group
environment (Kazantzidis et al. 2011).
In this study, we report the discovery of shell systems
in three similar mass (≈5×107 M) dwarf galaxies, in the
Virgo cluster, using images from the deep Next Genera-
tion Virgo cluster Survey (NGVS, Ferrarese et al. 2012).
The observed shell features are much more pronounced
than that of the Fornax dwarf galaxy. Among them,
VCC 1447, the faintest in our sample, is nearly one mag-
nitude fainter than Fornax, making it the faintest galaxy
known to present shell features to date. We present a
detailed study of the morphology and stellar popula-
tion properties of these low surface brightness features
and structural properties of the host dwarf galaxies. We
compare these observations to idealised numerical sim-
ulations of merging dwarf galaxies, and find that their
properties are best reproduced by near equal mass merg-
ers between two early-type dwarfs. The detection of
these features may offer a unique opportunity to study
the ongoing, but dramatic, evolution of dwarf galaxies, a
process that is often assumed to have finished long ago,
in the cluster environment (Behroozi et al. 2014).
2. DETECTION AND SIMULATIONS OF SHELLS IN
DWARF GALAXIES
2.1. Observed sample
The NGVS provides the deepest large scale map of
the Virgo cluster to date, with a limiting magnitude
for extended low-surface brightness object of ∼29 mag
arcsec−2 (Ferrarese et al. 2012, 2016). It covers a total
of 104 sq.deg area of the Virgo cluster, and is centered on
the two sub-groups surrounding the massive early-type
galaxies M87, and M49.
NGVS images were obtained with the MegaCam im-
ager, mounted on the Canada France Telescope (CHFT).
The details of the observation strategy, and reduction
procedure, can be found in Ferrarese et al. (2012). For
this study, we mainly used the images obtained in the g′
and i′ bands2. Since the g-band image is the most sen-
sitive and the cleanest (i.e. it contains the least number
of artifacts such as CCD imprints and reflection halos
as discussed below), it was preferentially used for our
photometric analysis.
One of the main aims of the NGVS project is to de-
tect and catalog low-surface brightness features, such as
stellar streams, filaments and shells around Virgo clus-
ter member galaxies. As such, we perform a systematic
2 Noted as g and i in the rest of the paper
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Fig. 1.— Composite true color images made from NGVS
g−, i−, z−band images. The field of view is 2′× 2′.
search of these objects by visually inspecting all galax-
ies3. A full catalogue of these low surface brightness
features, with their morphological classifications, will be
presented in a future paper. In this work, we present a
detailed analysis of a sample of low mass (M∗ < 108 M)
early-type galaxies where shell features are prominent.
Traditionally, in larger galaxies, the search for shell
features has occurred predominantly in early type galax-
ies. We select three early-type dwarf galaxies, VCC
1361,VCC 1447 and VCC 1668 for this study, in which
prominent shell features are visible in the NGVS imag-
ing. However, we note that this is not a complete sample
of dwarf galaxies (MB > −18 mag) with shell in the
Virgo cluster. We have found that there are many other
such galaxies that present shell-like features. However,
they are typically more massive than the galaxies in this
sample.
Carefully visually inspecting the NGVS images of VCC
dwarf galaxies covered by the NGVS survey area, we find
that 98 dwarf galaxies contains low surface brightness
features that could be classified as shells. Among them,
64 are dE/dS0, there are 5 BCDs, and the rest are a
mixture of types, such as dIrr, dPec, dSp etc. Generally,
an observed break in the surface brightness map, with an
arc shape, is referred to as a shell. In the case of dwarf
galaxies, they are not as pronounced as in the case of
giant galaxies, and are more ambiguous. For example,
the shell feature in the Fornax dwarf spheroidal galaxy
(See Colman et al 2004, Figure 1) is merely a small, over-
dense region. However, such features might not have
formed exclusively via mergers. There is much debate
on the origin of the shell in the Fornax dwarf – whether
it is a dissolved star cluster, or a signature of a past
merger. A break in surface brightness can also occur as
a result of disk features, such as spiral arms, or in the
case of a tidally truncated disk. Therefore it is difficult
to confirm that all 98 dwarf galaxies showing shell-like
features are indeed definitive shells.
For this study, we have selected among the candidate
list those that are non star-forming dwarf galaxies, of
stellar mass similar to Fornax dwarf galaxy, and pre-
senting indisputable shell features. The shells appear
as external features. Since they are not embedded in
the main body it is easy to confirm their presence. No
extended/stretched spiral arm/bar or S-shape features
are observed around these galaxies, i.e features which
are produced when dwarf galaxies tidally interact with a
nearby giant companion (e.g. Paudel et al. 2013; Paudel
& Ree 2014). This suggests that the shells are unlikely
to be caused by a significant, ongoing tidal interaction
with a nearby galaxy. We study these galaxies with the
aim to explore the importance of mergers in the forma-
tion and evolution of dEs, which are the dominant galaxy
population in the Virgo cluster. The depth of the NGVS
images, and the image quality, permit us to detect these
low surface brightness features for the first time in such
low mass galaxies.
The position and total brightness of each of the galax-
ies in our sample are listed in Table 1. Morphologically,
they are typical of early-type dwarf galaxies, dEs. They
are considerably fainter than any Virgo cluster dE sam-
3 We use the Virgo Cluster Catalogue (VCC Binggeli et al. 1985)
to select the parent sample
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ple galaxies studied by Lisker et al. (2006). VCC 1447 is
the least bright galaxy in our sample. It has total bright-
ness of Mg = −11.71 mag4 (corresponding to a B-band
magnitude of MB = −11.36 mag). For comparison, the
Fornax dwarf galaxy has an absolute magnitude of MB
= −12.6 mag (Mateo 1998). All the galaxies that we
study here are located at 1.6 deg or more (corresponding
to a sky-projected physical radius of 460 kpc) away from
M87 (i.e. the cluster center). In Table 1, we provide each
galaxy’s global properties, and list individual distances
from M87, and nearest neighbour giant (MB < −18 mag)
galaxies. Two of the dEs studied here, VCC 1361 and
VCC 1447, have no radial velocity measurement in NED.
However, as we will later discuss, they are very probable
members of the Virgo cluster, based on their observed
morphological, structural properties and surface bright-
ness fluctuations distance measurements.
2.2. Numerical simulations
We conduct numerical simulations of dwarf-dwarf
mergers in order to gain deeper insight into the forma-
tion mechanism of the observed shell systems, and to see
if the key features of these systems can give us insight
into the nature of the interaction that formed them. Al-
though our simulations are idealised, they are well suited
to achieving our goal – to qualitatively improve our un-
derstanding of the merger process that gives rise to such
features, rather than to quantitatively reproduce their
exact observed properties.
We perform a series of numerical simulations of merg-
ers between two early-type dwarf galaxies. Each dwarf is
modelled as a spherical dark matter halo with an NFW
profile (Navarro et al. 1996). Our standard model dwarf
galaxy has a virial mass of 2×109 M, a concentration
parameter of c=10, and a virial radius of 20 kpc. The
dark matter halo consists of 5 million equal mass dark
matter particles. Within each dark matter halo we in-
clude a spherical stellar distribution of stars following a
Hernquist density profile (Hernquist 1990). The choice
of a dispersion dominated distribution of stars is not
unreasonable, given the typically thick shapes of early-
type dwarf galaxies of this luminosity (Sa´nchez-Janssen
et al. 2016). Our standard model has a stellar mass of
1×107 M, an effective radius of 0.38 kpc, and is radially
truncated at 1 kpc. The effective radius of the model
galaxy is entirely consistent with galaxies of this lumi-
nosity (Ferrarese et al. 2006; Janz & Lisker 2009; Mc-
Connachie 2012). Our standard model is roughly twice
the mass of VCC 1447, and a few times lower in mass
than VCC 1361 and VCC 1668. However as these are
purely N-body simulations, we note they are scaleable
to match all three observed galaxies. For example, if
the mass were scaled up by a factor of 10, the simu-
lations would produce the same results, only occurring√
10=3.16 times more rapidly. However, more massive
galaxies are expected to be larger. Therefore, if we scale
up the mass by a factor 10, while simultaneously scaling
up the size by a factor of 3
√
10=2.15, then the simulation
results will be identical, with no scaling of time required.
4 In this work we assume the distance to the Virgo cluster is 16.5
Mpc, and the corresponding distance modulus and scale factor are
31.09 and 80 pc/” respectively (Mei et al. 2007; Blakeslee et al.
2009).
We confirm that our standard model dwarf galaxy sits
on the observed scaling relations of early-type galaxies
(e.g. the fundamental-plane as shown in the Fig 17 of
Toloba et al. 2014), and remains on the observed scaling
relations even if scaled up by as much as a factor of ∼100
in mass.
The stellar component consists of 250 thousand equal
mass stellar particles. This large number of star particles
enables us to detect faint shells as more particles will fall
within each shell. We conduct merger simulations with a
range of mass ratio. In our 1:1 mass ratio merger simula-
tion, the standard model merges with an identical coun-
terpart model. However, we also conduct mergers where
the standard model merges with a lower mass galaxy (to-
tal mass of 75%, 66%, and 50% the mass of the standard
model). Thus we test mergers with a mass ratio of 1:1,
1:1.3, 1:1.5, and 1:2 (progressively more minor mergers).
For model galaxies with lower masses than the standard
model, we ensure the stellar to dark matter halo mass ra-
tio remains constant at 0.5%, and reduce the number of
particles so as the particle masses of the two interacting
galaxies remain equal. As lower mass galaxies tend to
be smaller, we reduce the size of the stellar distribution
as we reduce the total mass. This is achieved by reduc-
ing the effective radius and cut-off radius of the stellar
component by a factor of a cube root of the fraction the
mass has been reduced from the standard model.
Initially each galaxy is placed 10 kpc apart. Then,
each galaxy is given a velocity directly towards the other
galaxy. We choose to model only head-on collisions (with
an impact parameter of zero), as off-center collisions do
not produce the aligned, interleaved shells that we ob-
serve in our sample (Quinn 1984). The escape velocity
of the combined dwarf galaxies is approximately 50 km/s.
Therefore, as we wish to model the merger scenario, we
choose an initial relative velocity of 10 km/s, which is
sufficiently lower than the escape velocity to ensure a
merger will occur (N.b. We also consider a fly-by sce-
nario, with a 100 km/s initial relative velocity in Section
4.2). Although our choice of initial separation and initial
relative velocity, at first glance, seems very restricted, in
practice, we find that these arbitrary choices have very
little influence on our main results. Increasing the ini-
tial separation simply causes the two galaxies to collide
at higher velocity, and so is equivalent to increasing the
initial relative velocity. Meanwhile, in practice we find
that setting a higher initial relative velocity merely pro-
longs the time we must wait for dynamical friction to
cause the dwarfs to coalesce, without changing the prop-
erties of the shells that are produced by the merger (see
following section for more details).
The publicly available initial conditions set-up code,
dice (Perret et al. 2014) is used to build all galaxy mod-
els. All models are initially evolved in isolation, and
found to have excellent long term stability. Numeri-
cal simulations are conducted with the adaptive mesh
refinement code ramses (Teyssier 2002). By using an
adaptive mesh refinement code, we can model the galaxy
merger with very high star particle numbers, without sig-
nificantly increasing simulation run-times. The high star
particle numbers enable us to better detect low surface
brightness features. The total simulation volume has a
box size of 60 kpc which is sufficient to contain the stel-
lar and dark matter particles of the merging galaxies over
Shells in Virgo early-type dwarf galaxies 5
TABLE 1
Galaxy Ra Dec mB vr Dist. from M87 Dist. from M49 Neighbour mB vr d
deg deg mag km/s deg deg mag km/s kpc
VCC 1361 187.8629 09.7334 17.32 —- 2.66 1.78 NGC 4483 13.17 0875 213
VCC 1447 188.1611 10.7595 19.73 —- 1.69 2.85 NGC 4503 12.12 1342 124
VCC 1668 189.1254 13.5449 17.74 1414 1.83 5.79 NGC 4569 10.25 -241 109
Global properties of the dwarf galaxies in which we identify low-surface brightness shell features. The first column is the name,
according to the VCC catalogue. The galaxy’s RA and Dec are presented in the second and third columns, respectively. The fourth
column is the B-band magnitude, which is converted from g-band magnitude, using Lupton (2005)a equations. The fifth column is the line
of sight radial velocity obtained from NED. The sixth and seventh column show the angular distance from M87 and M49, respectively. We
list the name of the nearest massive (mB < 13.09 mag) neighbour of each galaxy and their B-band magnitude, obtained from the VCC
catalogue, and their line of sight radial velocity in the eighth, ninth and tenth column, respectively. The sky-projected physical distance
between our sample dwarf galaxies and the nearest giant neighbour are presented in last column.
ahttps://www.sdss3.org/dr10/algorithms/sdssUBVRITransform.php
the duration of the simulation. We ensure the center of
mass of the two galaxies remains at the center of the
box throughout the duration of the simulation, so as to
avoid unwanted numerical edge-effects from the border
of the box. The minimum cell size reached in the sim-
ulations is 59 pc which is sufficient to well resolve the
galaxies down to their centers. We evolve all models for
2.25 Gyr, which is easily enough for the galaxies to fully
coalesce, form shells, and to continue to do so until their
shells are no longer perceptible. The merger of the two
dwarf galaxies is modeled in isolation, as the observed
interleaving of the shells is focussed about each galaxy’s
center. This demonstrates that the gravitational poten-
tial of the galaxy, itself, dominates the dynamics of the
stars within the shells. The results of these simulations
will be discussed alongside the observations, in order to
better interpret the observed shell systems and their host
galaxies.
3. OBSERVED AND SIMULATED SHELL PROPERTIES
3.1. Shell distribution
In Figure 1 we show a true color image, with an arc-
sin contrast. The true color image is prepared from the
NGVS g−, i−, z−band images. The choice of an arc-
sin contrast is with the aim to obtain the best possible
view of both low surface brightness shell features, and the
main body of the galaxy. The shell features are clearly
visible in all cases, without the need for galaxy model
subtraction, or the application of unsharp masking.
VCC 1447 contains the most extended shell system in
our sample. Shells A, B, C and D are observed at dis-
tances of 17.3, 10.4, 8.8 and 14.6 times the galaxy’s ge-
ometric effective radius, respectively, as measured from
the galaxy’s center (see Figure 2 for identification). The
shell arcs of VCC 1361 and VCC 1668 are closer to
the center of their galaxies, and higher surface bright-
ness, than in VCC 1447. Interestingly, we find that the
shells are positioned at similar radii in VCC 1361 and
VCC 1668 – they are located at approximately 1 and 4
of Re distance from the center of their galaxy. The shells
of VCC 1361 are less symmetric, and more fluffy, com-
pared to others galaxies. Shell ‘A’ is the broadest and
faintest in VCC 1447, with a median surface brightness
of <µg> = 28.48 mag arcsec
−2, which is near the detec-
tion limit of the NGVS. It is not detected in the i−band
image. We show the NGVS g−band surface brightness
map in Figure 2. All shell features are fainter than µg =
25 mag arcsec−2.
We highlight the main shared features of the galaxies
and their shells systems in the following:
• We see the presence of between 3 and 4 shells in
each galaxy. The shells tend to have well defined
edges, and there are large separations between con-
centric shells.
• The shell systems tend to be fairly symmetrical
about the galaxy center in position and brightness.
The brightest, higher surface brightness, shells tend
to be located closer to the center of the galaxy.
• The stellar body of the galaxies tends to be elon-
gated and elliptical.
• The shell systems are closely aligned with the semi-
major axis of the elongated body of the galaxy.
According to classification scheme of shell systems
proposed by Prieur (1990), all three galaxies in our
sample can be classified as type-I systems.
We now consider the significance of these key features
for understanding their formation process by comparison
with our numerical simulations.
In Fig. 3, we consider the evolution of the stellar com-
ponent of our model galaxies as they evolve through the
merger process, during the numerical simulations. The
1:1 mass ratio merger is shown in the top row, and the
1:2 mass ratio merger is shown in bottom row. The
two galaxies approach each other along the x-axis of the
plots. The time of the snapshots evolves from the left
to the right, as shown in the upper-right panel of each
snapshot, and is calculated with respect to the time at
which the two galaxies fully coalesce. Although not ex-
plicitly shown in the figure, we note that, before coa-
lescence (t=0 Myr), the two model galaxies collide and
pass through each other four times. With each close pas-
sage their subsequent peak separation is reduced by dy-
namical friction. However we see very few stripped stars
(and thus no shells form) until final coalescence occurs.
The fact that our model galaxies are dynamically hot,
dispersion-supported systems makes them fairly robust
to producing stellar streams during the pre-coalescence
phase (Feldmann et al. 2008). Thus these initial galaxy-
galaxy collisions are of a little consequence for shell pro-
duction, and simply set the scene for the final coales-
cence. As a result, we find that the initial relative veloc-
ity of the galaxies is not a significant parameter control-
ling shell production. A higher relative velocity simply
causes a greater number of passages, and thus just delays
the instant of coalescence.
The first set of shells appears when the galaxies coa-
lesce (see Fig. 3, ‘t=0 Myr’ panels). Initially, a new set of
6 Paudel et al.
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Fig. 2.— The g−band surface brightness map. The positions of
shell regions are located by eye where the curves, drawn by eye,
highlight the positions of the shells, and correspond to breaks in
surface brightness. The field of view is similar to Figure 1. We
note that label A in VCC1361 and VCC1668 does not denote a
shell-like break in the profile, but indicates a region where a low
surface brightness stellar light is visible.
shells appears every 75 Myr, and so we show each snap-
shot, following the merger, at∼75 Myr intervals (e.g. one
at t=0 Myr, two at t=+75 Myr, three at t=+150 Myr).
We note that this process continues beyond the latest
snapshot shown in Fig. 3 and, by roughly t=+500 Myr,
there are so many shells that distinguishing them be-
comes very difficult, and they blend into one another.
Furthermore, the total number of stripped stars is con-
stant, and with each new shell, the number of stars in
any individual shell is reduced, diluting the steps in lu-
minosity between each shell. In Fig. 6, we show the 1:1
mass ratio merger model at t=+1000 Myr (i.e. one Gyr
since coalescence). By this time, the large numbers of
shells have become so blended that the radial luminosity
profile becomes smooth, with no sharp breaks at all. The
limited time for which clearly defined, and well separated
shells, can be seen in the simulations suggests that the ob-
served galaxies must have suffered a recent coalescence,
within the last few hundred Myrs.
In fact, the reason that clear, well-defined shell features
can only be seen for short time-scales in our dwarf mod-
els, is intrinsically linked to the fact that the pre-collision
dwarf models are supported by a significant component
of dispersion. In Quinn (1984) it is stated that, with in-
creasing number of shells, the widths of individual shells
become comparable to the shell separations, and at this
point the shells “wash-out, and cease to be sharp fea-
tures”. Because our dwarf models are dispersion sup-
ported systems, the shell widths are thicker (see Equa-
tion 19 of Quinn 1984)5, causing the wash-out to be more
severe. From their Fig. 12, we estimate that wash-out
of the shells, as described in their paper, would occur
when there is no more than ∼6 shells, which is less than
half a Gyr after the merger, assuming 75 Myr per set of
shells. More recently, Feldmann et al. (2008) studied the
duration for which merger features are visible when an
equal mass merger occurs between two elliptical galax-
ies, and found that intermediate or strong tidal features
were visible for less than 100 Myr6. Meanwhile in a 1:4
or 1:10 mass ratio merger between an elliptical and a
spiral, intermediate and strong tidal features remained
visible for ∼1.5 Gyr. Therefore, our derived timescale of
a few hundred Myrs since coalescence is not inconsistent
with previous studies in the literature, once the disper-
sion support of the pre-collision galaxies is taken into
account. We also note that, at these luminosities, most
early-type galaxies are not highly flattened, and so are
expected to be significantly supported by dispersion. As
a result, similarly short timescales for detecting merger
features in dwarf-dwarf mergers may be very typical for
galaxies of this luminosity.
Comparing the top row (1:1 mass ratio merger) to the
bottom row (1:2 mass ratio merger) of Fig. 3, it is clear
that by reducing the mass of one of the galaxies by only
a factor of two, a strong asymmetry (about the y-axis) is
5 Also compare Figure 13 and 14 of Dupraz & Combes (1986),
where the effect of a high velocity dispersion on shell thickness can
be clearly seen. It is also notable that the surface brightness profile
of the shells in these figures, produced by the merger of an elliptical
instead of a spiral, is a better qualitative match to our observed
shells.
6 Feldmann et al. (2008) did not specifically focus on shell fea-
tures, but their definition of ‘tidal features’ should have also in-
cluded the light from stars in shell features.
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Fig. 3.— Time sequence (evolving from left to right) of the stellar particle distribution from prior to the merger (t=-225 Myr), until
several successive shells have formed (t=+150 Myr). The top row is the 1:1 mass ratio merger, the bottom row is the 1:2 mass ratio merger.
The time of the snapshot is measured with respect to the moment when the two galaxies coalesce. The box size of each snapshot is 9 kpc.
Following coalescence, the galaxy is shown at 75 Myr intervals, which is the time period on which each new set of shells appears.
Fig. 4.— The merger remnant shown 1 Gyr after galaxy coales-
cence. Box size is 5 by 9 kpc.
introduced into the family of shells. In fact, the position
of the shells is only mildly affected by the mass ratio, but
the number of stars found in each shell changes signifi-
cantly, causing the asymmetric appearance. Although
not explicitly shown here, we note that in the 1:1.5 mass
ratio merger the asymmetry is still visible, but in the
1:1.3 mass ratio merger (which is nearly 1:1 mass ratio)
the shells begin to look very close to symmetrical once
more. As the observed galaxies present shell structures
that appear fairly symmetrical, this could suggest that
a mass ratio merger ratio of between 1:2 and 1:1 is re-
quired, and we refer to such mergers as near equal mass
mergers herein. We note that VCC 1361 perhaps quali-
tatively resembles the 1:2 merger mass ratio model more
than the equal mass merger model.
Once the stars have been released, it is their orbit
within surrounding potential well which dictates the
shape of the shells. The concentric shape of the ob-
served shells about the galaxy core thus indicates that
the gravitational potential well in which the stars orbit
has been dominated by the coalesced dwarf galaxy’s own
self-gravity since the galaxies fully merged. This rules
out the strong influence of the cluster potential, or a
high speed tidal encounter with another cluster member,
at least in the last few hundred Myr.7
The requirement for a near equal mass ratio merger
is further supported by the elongated shape of the cores
of the observed galaxies. For example, the bright core
of VCC 1447 has an ellipticity of 0.58. We similarly
measure the final ellipticity of the stellar cores of the
modelled merger remnants and find a clear trend for in-
creasing eccentricity with mass ratio of the merger. This
can be physically understood – our model galaxies are
initially spherical. Therefore if the merger is too mi-
nor, the final coalesced system will remain near spher-
ical. In fact, the merger mass ratio of 1:2, 1:1.5, 1:1.3
and 1:1 (progressively more major) has an ellipticity of
0.41, 0.43, 0.44, and 0.52 respectively (progressively more
elongated). Actually, only the 1:1 mass ratio succeeds in
reaching the observed ellipticity. However it could also
be argued that the pre-merger galaxies may have been
elongated before the merger. But if they were elongated,
it would be necessary for their position angle to be closely
aligned with their orbital plane, otherwise the observed
shells would not appear so well aligned with the posi-
tion angle of the central core (as observed in all three
dwarf galaxies). Furthermore, without a close alignment
of their position angle with the orbital plane, the merger
would also cause an initially elongated stellar distribu-
7 Located at beyond 450 kpc or nearly halfway out of cluster
virial radius, these galaxies may not feel strong tidal interaction
from the central potential see (Smith et al. 2015, Figure 10)
8 We define the core as a regular morphological part of galaxies,
see Figure 2
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tion to thicken. The problem with this scenario is that
there is a low probability of alignment between the po-
sition angle and orbital plane, given the wide possible
range of orbital configurations possible. Therefore elon-
gation of the core as a result of a near equal mass ratio
merger is much more probable, and simultaneously ex-
plains the shell symmetry, core ellipticity, and alignment
of the shells with the position angle of the core, without
requiring any special and/or unlikely configurations.
3.2. Surface photometry
Surface photometry of very low surface brightness ob-
jects is notoriously challenging. We use a similar proce-
dure to clean the NGVS images as in our previous study
(Paudel et al. 2013), where we studied similarly faint
structures. A ring median filter is applied to each im-
age, to remove foreground stars and compact background
galaxies (Secker 1995), and the residuals of extended ob-
jects were manually masked with the IRAF task imedit.
The errors in the photometric measurements are, to a
large extent, determined by those in the sky determina-
tion. Although a master sky background is subtracted
from each image, for our aperture photometry measure-
ments we also sample the sky background count, using a
similar procedure as applied in Paudel et al. (2013).
After preparing the cleaned, and sky-background sub-
tracted image, we used the IRAF ellipse task to fit
galaxy’s isophotes to ellipses. To avoid uncertainty in el-
lipse fitting, due to foreground and background objects,
we prepare masked images manually. The center and po-
sition angle were held fixed, and ellipticity was allowed
to vary during the ellipse fit. We calculate the centers of
the galaxies using the IRAF task imcntr, and the posi-
tion angles are determined using several iterative runs of
ellipse before the final run.
Due to rather the irregular morphology it is difficult to
approximate the observed light distribution with a sin-
gle parametric function, and then use this to derive the
global photometric parameters. To circumvent these dif-
ficulties, we instead select the magnitudes and half light
radii derived from curve of growth photometry in the
NGVS images. A detailed description of the photometry
of the NGVS images will be presented in Ferrarese, et
al. 2016, in press. We present the u, g, i, and z band
magnitudes and geometric half light radii of our sample
galaxies in Table 2. We convert the g−band magnitude
to stellar mass, using the mass-to-light ratios obtained
from Bell et al. (2003), based on g − i colors.
We now attempt to calculate the fraction of
the galaxy’s total light contained in shell feature
(Lshell/Ltot). We subtract the best fit ellipse model
and sum up the residual flux (Lshel) which is predom-
inantly light associated with shell features. The value of
Lshell/Ltot is 0.13, 0.35 and 0.11 for VCC 1361, VCC 1447
and VCC 1668, respectively. In all cases, the amount of
light left over after subtraction of the model galaxy is
a significant fraction of the total. In fact, the clear vis-
ibility of the shell features, even without subtracting a
model for the galaxy, emphasizes that this fraction is rel-
atively very high. This may provide secondary evidence
that a major merger must have occurred. For example, if
a relatively minor 1:20 mass ratio merger occurred, and
all of the less massive galaxy’s stars are distributed in the
shell only after the merger (an extreme case, as not all
of the stars would be left in side shells), then Lshell/Ltot
could not exceed 0.05, where as all three dwarfs exceed
Lshell/Ltot=0.1. Following this reasoning, VCC 1361 or
VCC 1668, with Lshell/Ltot>0.1, must have suffered a
more major merger than a 1:10 mass ratio. Similarly,
the merger ratio of VCC 1447 must have been more ma-
jor than 1:3. In fact, in a near equal mass merger, both
galaxies involved may contribute stripped stars, enabling
even higher resulting values of Lshell/Ltot.
3.3. Colors
In Figure 2, we schematize the location of the shell
features, and label individual features. The red dotted
curve show the shell outlines in order to highlight where
the break in surface brightness occurs. The approximate
radial distances from the galaxy center to each arcs is
listed in column 3 of Table 3, in units of each galaxy’s
geometric effective radius. The exact location of the edge
of shell A in VCC 1361, and VCC 1668, is not as clear
as in other cases, so we do not list its position in Table
3.
When features are extremely low surface brightness
(i.e. 100 times fainter than the sky brightness), photom-
etry is not trivial. As a result, we first mask all unrelated
foreground and background objects, and we smooth the
images using a gaussian kernel, with a 3-pixel sigma. We
then select each region, as designated in Figure 2, and
measure the mean surface brightness, and g − i color in-
dex. The g − i color index is measured in two different
ways; one from the integrated flux in the region (i.e. a
mean color), and another from the median surface bright-
ness. We find that the results are consistent with each
other. The g−i color index derived from the median sur-
face brightness is listed in the last column of Table 3. All
three galaxies, and their shells, show red optical colors
(e.g. g − i = 0.6 - 0.9 mag), see Table 2 & 3. Accord-
ing to our simulations, a small number of well defined,
clearly separated shells (as observed) is strong evidence
for a recent merger, occurring in the last few hundred
Myrs since the system coalesced. The requirement for a
recent merger, but where the coalesced system displays
red optical colors, is highly suggestive of a dry merger.
Neither galaxy could contain gas, otherwise the merger
would likely have induced a starburst that would still ap-
pear blue so shortly after coalescence. There is also no
indication of a radial color gradient, or the presence of
dust lanes, which are common indicators of a wet merger.
While conducting the simulations, we additionally
noted that each shell could originate from one or the
other of the two progenitor galaxies. In Fig. 5, we
show the stellar distribution of the 1:1 mass ratio merger
150 Myr after the final coalescence. On top of the stellar
distribution, we overlay surface density contours. We ar-
bitrarily choose contour values in order to best highlight
the positions of shell edges. Solid red contours trace out
the stars originating from one galaxy, meanwhile dashed
blue contours trace out stars originating from the other
galaxy. This exercise reveals that, in some cases, a shell
generated by the first galaxy is often located directly be-
side a shell generated by the other galaxy. In fact, suc-
cessive shells may alternate as to which galaxy they were
initialized in. Furthermore, although the total stellar dis-
tribution is symmetric about the y-axis, the contours of
stars from an individual galaxy are far from symmetri-
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TABLE 2
Galaxy mu mg mi mz mNUV M∗ Re 
mag mag mag mag mag 107×M kpc
VCC1361 18.13 16.97 16.41 16.07 21.00 6.9 1.62 0.43
VCC1447 20.54 19.38 18.57 18.52 – 1.3 0.27 0.36
VCC1668 18.64 17.38 16.75 16.74 21.68 5.5 0.80 0.48
Results of surface photometry in NGVS images. In columns 2-5, we list the magnitude from the NGVS source catalogue, which are
derived from curve of growth photometry. The sixth column is the NUV magnitude from Voyer et al. (2014). We obtained stellar masses
from the g−band magnitude, assuming a mass-to-light ratio derived from the g − i color, using equations in Bell et al. (2003). In columns
eight and nine we list geometric half light radius and average ellipticity of the galaxies, respectively.
TABLE 3
Galaxy Shell Pos <µg> <µg> err g-i
R/Re(kpc) mag/arcsec2 mag mag
VCC1361 A — 26.8 0.1 —
VCC1361 B 1.0(1.6) 25.5 0.1 0.7
VCC1361 C 1.4(2.2) 25.4 0.1 0.7
VCC1361 D 2.1(3.4) 26.2 0.1 0.8
VCC1447 A 17.3(4.6) 28.6 0.2 —
VCC1447 B 10.4(2.8) 27.1 0.1 0.8
VCC1447 C 8.8(2.3) 27.1 0.1 0.7
VCC1447 D 14.6(3.9) 27.3 0.1 0.8
VCC1668 A — 27.9 0.1 0.7
VCC1668 B 2.9(2.3) 25.8 0.1 0.8
VCC1668 C 2.3(1.8) 25.7 0.1 0.9
VCC1668 D 3.4(2.7) 26.9 0.1 0.9
Properties of the shell features, as labelled in Figure 2.
The third column represent the distance as function of geometric
half-light radius at which the sharp break in surface brightness is
observed. Absolute values are given in parentheses. The location
of shell edges is highlighted by red dash lines, that are positioned
by eye. The average surface brightness, given in the 3rd column,
IS derived from the median pixel flux in each region. In the fourth
column, we present the g − i color of each feature.
Fig. 5.— Stars of the 1:1 mass ratio merger shown at t=+150 Myr
since coalescence (orange points, darker shade means higher mass
density). Surface mass density contours are arbitrarily chosen to
highlight the shell edges. Red solid contours indicate shells pro-
duced by stars from one galaxy, and blue dashed contours indicate
shells produced by stars from the other galaxy. The box size is
5 kpc by 3.25 kpc.
cal. However, the blue contours are the mirror image of
the red contours, and there are equal masses of stars in
the red and blue contours, hence the combined shells are
symmetric. This is a natural result of a near 1:1 mass
ratio merger – both galaxies release near-equal quanti-
ties of stars simultaneously, and as a result both galaxies
contribute equally to forming the final shell population,
which is symmetric once the shells of both galaxies are
combined.
As a result, potentially we might be able to detect
differences in the stellar populations of different shells,
depending on which galaxy they have originated from.
Therefore, in the following, we attempt to detect differ-
ences in the colors of shells.
We find no significant difference in color between the
shells, and their galaxy’s main stellar body (see Table 2
& 3), at least as far as the signal to noise ratio permits us.
However this probably suggests that the two early type
dwarf galaxies involved in the merger had similar colors.
Indeed, the clear red sequence seen in early-type dwarf
(e.g. Janz & Lisker 2009) indicates that similar mass
dwarfs galaxies are expected to have similar colors. How-
ever, as a color difference was not seen in deep imaging,
then detecting a possible difference between the stellar
populations of successive shells likely becomes very tech-
nically challenging, as spectroscopy of such faint struc-
tures would be highly demanding.
4. DISCUSSION
4.1. A dry merger origin of the shells
We further explore the origin of these low surface
brightness features with the help of idealised numerical
simulations. In the model we are able to reproduce the
visual appearance of the shells, and galaxy, following a
near-equal mass merger. The simulations provide sup-
port for a formation scenario in which a recent merger,
between two near-equal mass, gas-free dwarf galaxies,
forms the observed shell systems. This picture is sup-
ported by multiple lines of evidence. In the models, ev-
ery 75 Myr since coalescence, a new set of shells appears.
Therefore the small number of well defined shells, that
are observed, indicates a recent coalescence in the last
few crossing-times (in the last few hundred Myr).
Observationally, the shells are fairly symmetric about
the core of the galaxies, the core is elongated, and the
shells are well aligned with the position angle of the core.
All of these properties, combined, are found to naturally
arise in our models, following a major merger of two near-
equal mass, gas-free, dwarf galaxies. The presence of
these shells likely rules out the strong influence of the
cluster tides on these galaxies, at least for the time since
the merger occurred, as strong external tides could dis-
rupt the shells. The fact that the shells interleave about
the center of each galaxy indicates that the galaxy’s po-
tential is currently the dominating potential controlling
the motion of the stars within the shell.
We see no evidence that the merger was wet. There is
no radial color gradient, and we see no dust lanes. We
also measure the UV-optical color of the galaxies in our
sample, and place them on a UV-optical color-magnitude
diagram. VCC 1361 and VCC 1668 are detected in NUV
image of the GALEX Ultraviolet Virgo Cluster Survey
(GUViCS Boselli et al. 2011), and the reported magni-
tudes are 21.00 and 21.68 mag, respectively. From this
we derive a NUV−i color larger than 4.5 mag, for galax-
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Fig. 6.— Fly-by encounter with 1:1 mass ratio. We show the
relaxed initial conditions (before), and about 150 Myr afterwards
(after). The box size is of 3 by 9 kpc.
ies with a stellar mass less than 1×108 M. Thus they
are perfectly consistent with being red sequence galaxies
(e.g. see Figure 10 of Boselli et al. (2014)9), and so we
see no evidence for a star burst that might have occurred
if the merger had been wet, and occurred recently. These
galaxies are not detected in large surveys of Neutral Hy-
drogen (HI), such as ALPHA-ALPHA (Giovanelli et al.
2005) or HIPASS (Meyer et al. 2004).
4.2. A weak interaction origin of the shells
We also test an alternative scenario to shell formation
by mergers. In Thomson & Wright (1990); Thomson
(1991), it is suggested that elliptical galaxies may con-
tain a thick disk component. They find that shells can be
produced in the thick disk of stars, by a single weak tidal
encounter with another galaxy, of 10-20% the mass of the
elliptical galaxy. In contrast to the merger scenario, the
interaction velocity is sufficiently high that the galaxies
do not merge (i.e. a ‘fly-by’ encounter instead). Because
the thick disk is not spherical, it produces ring-like struc-
tures in the disk plane, in response to the tidal encounter.
Viewed face-on to the disk, several complete rings may
be generated. However, viewed edge-on, the ring struc-
tures instead appear as shell-like features, as a result of
projection effects (see for example Figure 4 of Thomson
& Wright 1990).
To test this scenario, we set up a thick, exponential
disk of stars, within an NFW halo. The halo properties
match that of our standard model’s halo. For the thick
disk, we choose an exponential scale radius of 2 kpc, and
an exponential scale-height of 1 kpc. We then place a
second NFW halo, with 20% of the mass of the first halo,
at a distance of 10 kpc, and send it directly towards
the center of the first halo, with a relative velocity of
100 km/s. The escape velocity of the first halo is roughly
20 km/s. Therefore, the encounter is at sufficiently high
velocity to ensure a fly-by occurs. The encounter impacts
the disk edge-on, although Thomson & Wright (1990)
find the inclination of the disk is of little consequence to
the end results.
In practice, we find we are unable to produce ring
shaped features, or shell-like features in our fly-by mod-
els. In Thomson & Wright (1990), a weak tidal encounter
is preferred. In fact, the response of our thick disk models
9 In Boselli et al. (2014), galaxies with a stellar mass of 108 M
become red sequence galaxies when they have NUV−i color redder
than 3.8 mag.
to a weak-interaction, fly-by encounter is almost imper-
ceptible. As we fail to see a clear response, we increase
the mass of the fly-by halo until the two galaxies have
equal mass, in order to produce a much stronger tidal
encounter. Now the thick disk can be seen to respond to
the encounter. During the fly-by it contracts, and then
re-expands once the fly-by has occurred. The stars in-
volved in the re-expansion form a low surface brightness
envelope surrounding the disk, but we see no indication
of ring-like structures, (see Figure 6). Thus we find it
challenging to reproduce the observed shells features us-
ing the weak interaction scenario, and find that the ma-
jor merger scenario is much more successful. In addition,
we note that, even if the fly-by scenario were successful
at producing shells when viewed edge-on, then we might
expect to see some dwarfs surrounded by complete rings,
when viewed face-on.
4.3. Comparison with Fornax dwarf galaxy
We observe a significantly higher number of shell fea-
tures in our sample galaxies compared to the shell detec-
tion in the Fornax dwarf galaxy (Coleman et al. 2004).
We note that, recently, Bate et al. (2015) showed that
the outer shell structure, at 1.4 degree from the center
of Fornax may, in fact, be a mis-identified over-density
of background galaxies. Therefore there is some uncer-
tainty about the very existence of a shell in Fornax. In
comparison, there is no doubt that the shell features in
our galaxies are real, and much more prominent than the
Fornax, (see Coleman et al. 2004, Figure 1). We find that
shells in our galaxies are distributed along the major axis
of each galaxy, while in the Fornax the shell is located
along the minor axis. As shown in our idealised numeri-
cal simulations, the shell alignment along the major axis
provides supporting evidence for a major merger origin
in our sample. Therefore inversely they could support a
minor merger origin the Fornax. The shells system we
observe in our galaxies can be classified as type-I. For ex-
ample, visually VCC 1447 resembles a miniature version
of the shell system in NGC 7600 (see Cooper et al. 2011,
Figure 3).
We find that, within the errors, there is no signifi-
cant difference in color between the shell features and
the galaxy main body for our galaxy sample, suggesting
similar stellar populations. In comparison, the Fornax
dwarf galaxy shell features are dominated by a stellar
population with young ages, while the main body hosts
a mix of both young and old stellar populations. However
there are suggestions that the relatively blue over-dense
region, inner shell feature suggested by Coleman et al.
(2004) is in fact a patchy star-forming region (Battaglia
et al. 2006; Olszewski et al. 2006) or recently disrupted
young star-cluster (Pen˜arrubia et al. 2009). Further-
more, a detailed stellar population study shows that For-
nax possesses a complex history of star formation with
a significant radial age gradient (de Boer et al. 2012).
This suggests that while Fornax may have suffered a wet
merger, the mergers in our samples were more likely dry.
This is further supported by the numerical modelling,
which shows that the higher number of observed shells
implies a recent merger has occurred. If the merger oc-
cured recently, and yet there is no indication of recent
star formation, then the requirement for dry mergers in
our sample is further strengthened. Fornax is compara-
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tively round with an ellipticity of  = 0.3, whereas our
dwarf galaxies have the ellipticity of  > 0.35. In our
numerical simulations, a more major merger produced a
more elliptical dwarf galaxy.
Assuming the Fornax dwarf galaxy feature is a true
shell, our sample represents the only additional dwarf
galaxies of stellar mass range .108 M now known to
possess shell features. However, the environment in
which our shells have formed is very different from that
of Fornax dwarf. Fornax is located in a group environ-
ment, ≈138 kpc (0.5 virial radius) away from its host
galaxy, the Milky-Way (Saviane et al. 2000). It has a he-
liocentric line of sight velocity of 53 km/s (Mateo 1998).
Meanwhile our sample galaxies are located at a projected
radius of nearly halfway out from the virial radius of the
Virgo cluster. The minimum projected separation be-
tween the dwarf galaxies, and their respective nearest
giant (MB < -18 mag) neighbour, is 109 kpc, which is in
the case of VCC 1668 but has relative line of sight radial
velocity larger than 1500 km/s.
4.4. Cluster membership of the dwarfs with shell
features
Of the three galaxies discussed in this paper only one,
VCC 1668, has a spectroscopic redshift (v = 1414 km/s)
and is a confirmed cluster member. For the other two
galaxies, we must rely on structural and photometric pa-
rameters to assign membership. Ferrarese et al. (2016)
present a detailed discussion of the criteria used to assess
cluster membership for the NGVS galaxies. Such crite-
ria include several diagnostic plots based on structural
as well as photometric parameters (including scaling re-
lations, photometric redshifts and stellar population di-
agnostics), and are supplemented by a visual assessment.
As discussed in Ferrarese et al. (2016), the NGVS mem-
bership criteria are validated based on a number of tests,
including cross correlation with spectroscopic catalogues
and blind search in control (non-Virgo) fields. Based on
such criteria, all three galaxies discussed in this paper are
classified as cluster members. In particular, VCC 1361
and VCC 1668 are classified as “certain” (class 0 in the
NGVS classification scheme) member, while VCC 1447
is classified as a “likely” member (class 1).
In addition to this, we look at the results of Surface
Brightness Fluctuation (SBF) analysis of the NGVS im-
ages (Cantiello et al in preparation). The distance mod-
ulis are 31.2, 31.3 and 31.1 mag for the VCC 1361,
VCC 1447 and VCC 1668, respectively. A typical sys-
tematic error is of 0.5 mag. This result is consistent with
our assumption that these three galaxies are associated
with the Virgo cluster, which has a mean distance of 16.5
Mpc (corresponding to a distance modulus of 31.09 mag).
Given that no dense large-scale structures are located in
the background of the Virgo cluster (at least within the
redshift range < 4000 km/s), then it is likely that these
galaxies are indeed associated with the Virgo cluster, and
not with a background substructure.
4.5. Dwarf-dwarf mergers in the Virgo cluster
We have discovered dwarf galaxies which have likely
evolved through near-equal mass mergers, occurring
while the galaxies are associated with the Virgo cluster.
It is not impossible that the merger might have happened
outside of the cluster, and they have recently fallen into
the cluster. However, the stellar population properties
suggest that participating galaxies were already gas-poor
and non star-forming. The virtual non-existence of such
type galaxies outside the cluster or group environment
(Geha et al. 2012) thus favors our hypothesis. Relatedly,
in a large sample of observed dwarf-dwarf interactions,
Stierwalt et al. (2015) notice that all interacting dwarf
galaxies with no/little star-formation are located near
massive giant galaxies and all interacting dwarf galaxies
in isolated environment are actively star-forming. Fur-
thermore, the small numbers of observed shells, com-
bined with our numerical simulations, suggests that the
merger had to occur within the last few hundred Myrs,
making it challenging for the galaxy to fall from the clus-
ter outskirts to inside the cluster in such a short time
period.
As of yet, fully cosmological simulations have not
reached the mass resolution that the observations are
now probing. However, based on the Local group simula-
tion results (Deason et al. 2014), major mergers between
sub-halos are quite rare. Klimentowski et al. (2010) pre-
dicts that ∼10% of dwarf galaxies of stellar mass M∗ ≈
107 M∗ suffer a major merger but almost all these merg-
ers occur before 7 Gyr (i.e. prior to infall into the host
galaxy). The results of Angulo et al. (2009), which are
based on Millenium simulation, are also of interest to
this study. While the Millenium simulation is unable to
reach the resolution found in the Local Group simula-
tions, they do include clusters of mass similar to Virgo.
From their Figures 5 & 10, we can calculate that only
>0.2% of the least massive subhalos have mergers more
major than 1:3 since infall into their host. Furthermore,
the merger rate (major and minor) of their least massive
halos (1010M) in Virgo cluster mass halos is still only
about 0.2 mergers per subhalo, every 1 Gyr. Based on
these results, we conservatively estimate that we can ex-
pect less than 1% of dwarfs to have had a major merger
since infall into Virgo, and if we require a very recent
merger, the fraction might be even less.
From the observational side, we also wish to emphasize
that, here, we have only selected dwarf galaxies of early-
type morphology, with easily identified shell features, and
we have found three. In the deep NGVS imaging, we
find many other types of dwarf galaxies with shell-like
features, including a number of star-forming, gas-rich,
BCDs. The nature of these other galaxies will be ex-
plored in Zhang et al. (in preparation). It is not clear
if all of them are the product of dwarf-dwarf mergers.
However, we note that majority of the shell-like features
in the other dwarf galaxies, that are not studied here,
are different in term of the shell-like features morphol-
ogy, and surface brightness contrast, compared to this
sample. In any case, under the assumption that shell
features originate from dwarf-dwarf mergers, our discov-
eries suggest that dwarf-dwarf mergers can occur, -in the
cluster environment-, despite the fact that the velocity
dispersion between galaxies maybe ∼1000 km/s.
The results in this paper support a scenario in which a
major-merger between two low mass early-type galaxies,
which are associated with the Virgo cluster, has recently
occurred. However, given the uncertainties associated
with the surface brightness fluctuation method, it is im-
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possible for us to acertain the clustocentric radius of our
sample of dwarf galaxies with sufficient accuracy to dis-
tinguish between if they are deep within the cluster core,
or in the cluster outskirts, perhaps infalling for the first
time. If they are, in fact, deep inside the cluster, then
the presence of clear merger features in all three dwarfs is
truly remarkable, considering that Behroozi et al. (2014)
finds that, in ΛCDM, most major mergers end for in-
falling halos at greater than four virial radii away from
the cluster. It is even more remarkable, if we assume
that all three mergers had to occur recently, in the last
few hundred Myrs. Therefore this hypothesis might favor
that these galaxies are in the cluster outskirts, infalling
for the first time (although see below).
Intrinsically, low luminosity dwarfs, such as in this
sample, have low masses and so low escape velocities.
We calculate the escape velocity of a single, pre-collision
model dwarf to be ∼30 km/s. Therefore if interaction
velocities between two dwarfs are significantly higher
than this (e.g. ∼50 km/s) then, instead of a merger,
a galaxy-galaxy fly-by will occur (see modelling of fly-
bys in Section 4.2). The high velocity dispersion of clus-
ter galaxies (∼1000 km/s) essentially rules out a chance
encounter between two cluster galaxies, that were previ-
ously unassociated with each other. Instead some form
of pre-association between the two pre-collision dwarfs is
required.
One possibility is that the pre-collision dwarfs were
both members of a small group. However, even in small
groups, collision velocities of less than ∼50 km/s may
be very rare. If both pre-collision dwarfs were actually
satellites of an intermediate mass host galaxy (as in the
case of NGC 4216 – see Paudel et al. 2013), then the
lower halo mass of the host might be more conducive
to generating lower velocity collisions between satellites.
The presence of a nearby, more massive galaxy could also
help explain how both pre-collision dwarf galaxies were
gas-free, given that isolated galaxies of this mass are ex-
pected to be late-type. However, Table 1 illustrates that,
although all of the dwarfs have a giant companion that
is close in the projected distance, we cannot confirm if
the association is real, given that two of the dwarfs do
not have a spectroscopic redshift, which could be used to
confirm any association. The one dwarf that does have a
spectroscopic redshift, VCC 1668, is clearly not at all as-
sociated with its nearby giant companion, given that the
radial velocity difference is more than 1650 km/s. It is
possible that the dwarfs were originally associated with
a host galaxy, but have since been tidally stripped from
that host by the cluster tides. However this would require
a deep, plunging passage of the cluster core, which is not
consistent with our previous argument that the galaxies
are likely in the cluster outskirts, infalling for the first
time. There is also no evidence of strong cluster tides,
nor the tidal field of a host galaxy, currently acting on
the dwarfs, as such a strong tidal field would likely dis-
rupt the observed, interleaved shape of the shells about
each galaxy’s center. Although, in principle, the pericen-
ter passage of the cluster core may have happened in the
past, so removing the dwarfs from their host, but some-
how avoiding to disrupt the bound relationship between
the two dwarfs in the process.
Alternatively, perhaps the pre-collision dwarf galaxies
were born as a binary pair. In this case, their low interac-
tion velocities are present at birth, without the need for
a nearby host. Indeed a number of binary dwarf galax-
ies are already discussed in the literature including the
LMC/SMC, and Leo-IV/V (Blan˜a et al. 2012), although
as Local Group members, they are in the presence of two
giant host galaxies. In fact, the majority of the interact-
ing dwarf galaxies in Stierwalt et al. (2015) are located in
isolated environments, without the need for the presence
of a nearby giant host galaxy. Nevertheless, without the
presence of a nearby giant host galaxy, it is not obvious
how two low luminosity, binary dwarfs became gas poor,
prior to their merger.
4.6. Conclusion
In this work, we report the discovery of shell features in
three dwarf galaxies of stellar mass .108 M, VCC 1361,
VCC 1447 and VCC 1668, located in the Virgo cluster. In
the original VCC catalogue they are classified as dE mor-
phology, and this is the first time such features have been
detected in Virgo cluster dEs. One of them, VCC 1447,
is fainter than the Local Group, Fornax dwarf galaxy,
which also possesses a shell-like feature. However, com-
pared to the feature detected in Fornax, the shell fea-
tures reported here are much more pronounced. Their
existence is not questionable as they were detected inde-
pendently in the different bands provided by the NGVS.
We find that a major merger between two near equal
mass, early-type dwarf galaxies can well explain the key
properties of the observed shell systems in our sample.
The merger causes a large fraction of the stars to be dis-
turbed, producing shells that contain a significant frac-
tion of each galaxy’s total light, and that can be located
at large distances from their galaxy. The general mor-
phology and symmetry of the shells is well reproduced,
as long as the merger is more major than a 1:2 mass
ratio. The major merger scenario also causes the body
of the galaxy to be elongated in the same direction as
the interleaved shells, as observed. The small number of
clear, well separated shells that are observed favors the
hypothesis that a scenario in which the merger occurs
recently, in the last few hundred Myrs. As such, the ob-
served red NUV-optical color of all the sample, and lack
of detectable color gradients or dust lanes, favors a dry
merger scenario. The presence of merger features likely
favors that the dwarfs are located in the cluster outskirts,
and infalling into the cluster for the first time.
We have studied three unique examples of dwarf galax-
ies with shell features and showed that major mergers are
as the most likely origin. To get a more complete statisti-
cal picture of dwarf-dwarf mergers in the Virgo cluster, it
will be important to perform a detailed investigation on
all the other dwarf galaxies with candidate shell features
in the NGVS.
ACKNOWLEDGMENTS
This work is supported by the French Agence Na-
tionale de la Recherche (ANR) Grant Programme Blanc
VIRAGE (ANR10-BLANC-0506-01). We wish to ex-
press our gratitude to the CFHT personnel for its ded-
ication and tremendous help with the MegaCam ob-
servations. RS acknowledges support from Brain Ko-
rea 21 Plus Program(21A20131500002) and the Doyak
Grant(2014003730). EWP acknowledges support from
Shells in Virgo early-type dwarf galaxies 13
the National Natural Science Foundation of China un-
der Grant No. 11573002, and from the Strategic Prior-
ity Research Program, “The Emergence of Cosmological
Structures”, of the Chinese Academy of Sciences, Grant
No. XDB09000105. ET & RG acknowledge the NSF
grants AST- 1010039 and AST-1412504. This research
used the facilities of the Canadian Astronomy Data Cen-
tre operated by the National Research Council of Canada
with the support of the Canadian Space Agency. The au-
thors further acknowledge use of the NASA/IPAC Extra-
galactic Database (NED), which is operated by the Jet
Propulsion Laboratory, California Institute of Technol-
ogy, under contract with the National Aeronautics and
Space Administration.
REFERENCES
Amorisco, N. C., Evans, N. W., & van de Ven, G. 2014, Nature,
507, 335
Angulo, R. E., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2009,
MNRAS, 399, 983
Arp, H. 1966, ApJS, 14, 1
Bate, N. F., McMonigal, B., Lewis, G. F., Irwin, M. J.,
Gonzalez-Solares, E., Shanks, T., & Metcalfe, N. 2015,
MNRAS, 453, 690
Battaglia, G., Tolstoy, E., Helmi, A., Irwin, M. J., Letarte, B.,
Jablonka, P., Hill, V., Venn, K. A., Shetrone, M. D., Arimoto,
N., Primas, F., Kaufer, A., Francois, P., Szeifert, T., Abel, T.,
& Sadakane, K. 2006, A&A, 459, 423
Behroozi, P. S., Wechsler, R. H., Lu, Y., Hahn, O., Busha, M. T.,
Klypin, A., & Primack, J. R. 2014, ApJ, 787, 156
Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D. 2003,
ApJS, 149, 289
Ben´ıtez-Llambay, A., Navarro, J. F., Abadi, M. G., Gottlo¨ber, S.,
Yepes, G., Hoffman, Y., & Steinmetz, M. 2016, MNRAS, 456,
1185
B´ılek, M., Cuillandre, J.-C., Gwyn, S., Ebrova´, I., Bartosˇkova´, K.,
Jungwiert, B., & J´ılkova´, L. 2016, A&A, 588, A77
Binggeli, B., Sandage, A., & Tammann, G. A. 1985, AJ, 90, 1681
Blan˜a, M., Fellhauer, M., & Smith, R. 2012, A&A, 542, A61
Blakeslee, J. P., Jorda´n, A., Mei, S., Coˆte´, P., Ferrarese, L.,
Infante, L., Peng, E. W., Tonry, J. L., & West, M. J. 2009,
ApJ, 694, 556
Boselli, A., Boissier, S., Heinis, S., Cortese, L., Ilbert, O., Hughes,
T., Cucciati, O., Davies, J., Ferrarese, L., Giovanelli, R., &
Haynes, M. P. 2011, A&A, 528, A107
Boselli, A. & Gavazzi, G. 2014, A&AR, 22, 74
Boselli, A., Voyer, E., Boissier, S., Cucciati, O., Consolandi, G.,
Cortese, L., Fumagalli, M., Gavazzi, G., Heinis, S., Roehlly, Y.,
& Toloba, E. 2014, A&A, 570, A69
Carter, D., Thomson, R. C., & Hau, G. K. T. 1998, MNRAS, 294,
182
Coleman, M., Da Costa, G. S., Bland-Hawthorn, J.,
Mart´ınez-Delgado, D., Freeman, K. C., & Malin, D. 2004, AJ,
127, 832
Coleman, M. G., Da Costa, G. S., Bland-Hawthorn, J., &
Freeman, K. C. 2005, AJ, 129, 1443
Coleman, M. G. & de Jong, J. T. A. 2008, ApJ, 685, 933
Cooper, A. P., Mart´ınez-Delgado, D., Helly, J., Frenk, C., Cole,
S., Crawford, K., Zibetti, S., Carballo-Bello, J. A., & GaBany,
R. J. 2011, ApJ, 743, L21
Crnojevic´, D., Sand, D. J., Caldwell, N., Guhathakurta, P.,
McLeod, B., Seth, A., Simon, J. D., Strader, J., & Toloba, E.
2014, ApJ, 795, L35
de Boer, T. J. L., Tolstoy, E., Hill, V., Saha, A., Olszewski,
E. W., Mateo, M., Starkenburg, E., Battaglia, G., & Walker,
M. G. 2012, A&A, 544, A73
Deason, A., Wetzel, A., & Garrison-Kimmel, S. 2014, ApJ, 794,
115
del Pino, A., Hidalgo, S. L., Aparicio, A., Gallart, C., Carrera, R.,
Monelli, M., Buonanno, R., & Marconi, G. 2013, MNRAS, 433,
1505
Duc, P.-A., Cuillandre, J.-C., Karabal, E., Cappellari, M.,
Alatalo, K., Blitz, L., Bournaud, F., Bureau, M., Crocker,
A. F., Davies, R. L., Davis, T. A., de Zeeuw, P. T., Emsellem,
E., Khochfar, S., Krajnovic´, D., Kuntschner, H., McDermid,
R. M., Michel-Dansac, L., Morganti, R., Naab, T., Oosterloo,
T., Paudel, S., Sarzi, M., Scott, N., Serra, P., Weijmans, A.-M.,
& Young, L. M. 2015, MNRAS, 446, 120
Dupraz, C. & Combes, F. 1986, A&A, 166, 53
Feldmann, R., Mayer, L., & Carollo, C. M. 2008, ApJ, 684, 1062
Ferrarese, L., Coˆte´, P., Cuillandre, J.-C., Gwyn, S. D. J., Peng,
E. W., MacArthur, L. A., Duc, P.-A., Boselli, A., Mei, S.,
Erben, T., McConnachie, A. W., Durrell, P. R., Mihos, J. C.,
Jorda´n, A., Lanc¸on, A., & Puzia, T. H. 2012, ApJS, 200, 4
Ferrarese, L., Coˆte´, P., Jorda´n, A., Peng, E. W., Blakeslee, J. P.,
Piatek, S., Mei, S., Merritt, D., Milosavljevic´, M., Tonry, J. L.,
& West, M. J. 2006, ApJS, 164, 334
Ferrarese, L., Coˆte´, P., Sa´nchez-Janssen, R., Roediger, J.,
McConnachie, A. W., Durrell, P. R., MacArthur, L. A.,
Blakeslee, J. P., Duc, P.-A., Boissier, S., Boselli, A., Courteau,
S., Cuillandre, J.-C., Emsellem, E., Gwyn, S. D. J.,
Guhathakurta, P., Jorda´n, A., Lanc¸on, A., Liu, C., Mei, S.,
Mihos, J. C., Navarro, J. F., Peng, E. W., Puzia, T. H., Taylor,
J. E., Toloba, E., & Zhang, H. 2016, ApJ, 824, 10
Geha, M., Blanton, M. R., Yan, R., & Tinker, J. L. 2012, ApJ,
757, 85
Geha, M., Guhathakurta, P., & van der Marel, R. P. 2005, AJ,
129, 2617
Giovanelli, R., Haynes, M. P., Kent, B. R., Perillat, P., Saintonge,
A., Brosch, N., Catinella, B., Hoffman, G. L., Stierwalt, S.,
Spekkens, K., Lerner, M. S., Masters, K. L., Momjian, E.,
Rosenberg, J. L., Springob, C. M., Boselli, A., Charmandaris,
V., Darling, J. K., Davies, J., Garcia Lambas, D., Gavazzi, G.,
Giovanardi, C., Hardy, E., Hunt, L. K., Iovino, A.,
Karachentsev, I. D., Karachentseva, V. E., Koopmann, R. A.,
Marinoni, C., Minchin, R., Muller, E., Putman, M., Pantoja,
C., Salzer, J. J., Scodeggio, M., Skillman, E., Solanes, J. M.,
Valotto, C., van Driel, W., & van Zee, L. 2005, AJ, 130, 2598
Graham, A. W., Spitler, L. R., Forbes, D. A., Lisker, T., Moore,
B., & Janz, J. 2012, ApJ, 750, 121
Grebel, E. K., Gallagher, III, J. S., & Harbeck, D. 2003, AJ, 125,
1926
Hernquist, L. 1990, ApJ, 356, 359
Hernquist, L. & Quinn, P. J. 1988, ApJ, 331, 682
—. 1989, ApJ, 342, 1
Hernquist, L. & Spergel, D. N. 1992, ApJ, 399, L117
Janz, J. & Lisker, T. 2009, ApJ, 696, L102
Johnson, M. 2013, AJ, 145, 146
Kazantzidis, S.,  Lokas, E. L., Mayer, L., Knebe, A., &
Klimentowski, J. 2011, ApJ, 740, L24
Klimentowski, J.,  Lokas, E. L., Knebe, A., Gottlo¨ber, S.,
Martinez-Vaquero, L. A., Yepes, G., & Hoffman, Y. 2010,
MNRAS, 402, 1899
Lisker, T., Grebel, E. K., & Binggeli, B. 2006, AJ, 132, 497
Mart´ınez-Delgado, D., Romanowsky, A. J., Gabany, R. J.,
Annibali, F., Arnold, J. A., Fliri, J., Zibetti, S., van der Marel,
R. P., Rix, H.-W., Chonis, T. S., Carballo-Bello, J. A., Aloisi,
A., Maccio`, A. V., Gallego-Laborda, J., Brodie, J. P., &
Merrifield, M. R. 2012, ApJ, 748, L24
Mateo, M. L. 1998, ARA&A, 36, 435
McConnachie, A. W. 2012, AJ, 144, 4
Mei, S., Blakeslee, J. P., Coˆte´, P., Tonry, J. L., West, M. J.,
Ferrarese, L., Jorda´n, A., Peng, E. W., Anthony, A., & Merritt,
D. 2007, ApJ, 655, 144
Meyer, M. J., Zwaan, M. A., Webster, R. L., Staveley-Smith, L.,
Ryan-Weber, E., Drinkwater, M. J., Barnes, D. G., Howlett,
M., Kilborn, V. A., Stevens, J., Waugh, M., Pierce, M. J.,
Bhathal, R., de Blok, W. J. G., Disney, M. J., Ekers, R. D.,
Freeman, K. C., Garcia, D. A., Gibson, B. K., Harnett, J.,
Henning, P. A., Jerjen, H., Kesteven, M. J., Knezek, P. M.,
Koribalski, B. S., Mader, S., Marquarding, M., Minchin, R. F.,
O’Brien, J., Oosterloo, T., Price, R. M., Putman, M. E., Ryder,
S. D., Sadler, E. M., Stewart, I. M., Stootman, F., & Wright,
A. E. 2004, MNRAS, 350, 1195
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462,
563
14 Paudel et al.
Nidever, D. L., Ashley, T., Slater, C. T., Ott, J., Johnson, M.,
Bell, E. F., Stanimirovic´, S., Putman, M., Majewski, S. R.,
Simpson, C. E., Ju¨tte, E., Oosterloo, T. A., & Butler Burton,
W. 2013, ApJ, 779, L15
Olszewski, E. W., Mateo, M., Harris, J., Walker, M. G., Coleman,
M. G., & Da Costa, G. S. 2006, AJ, 131, 912
Pak, M., Paudel, S., Lee, Y., & Kim, S. C. 2016, AJ, 151, 141
Paudel, S., Duc, P.-A., Coˆte´, P., Cuillandre, J.-C., Ferrarese, L.,
Ferriere, E., Gwyn, S. D. J., Mihos, J. C., Vollmer, B., Balogh,
M. L., Carlberg, R. G., Boissier, S., Boselli, A., Durrell, P. R.,
Emsellem, E., MacArthur, L. A., Mei, S., Michel-Dansac, L., &
van Driel, W. 2013, ApJ, 767, 133
Paudel, S., Duc, P. A., & Ree, C. H. 2015, AJ, 149, 114
Paudel, S., Lisker, T., Hansson, K. S. A., & Huxor, A. P. 2014,
MNRAS, 443, 446
Paudel, S. & Ree, C. H. 2014, ApJ, 796, L14
Pen˜arrubia, J., Walker, M. G., & Gilmore, G. 2009, MNRAS, 399,
1275
Penny, S. J., Pimbblet, K. A., Conselice, C. J., Brown, M. J. I.,
Gru¨tzbauch, R., & Floyd, D. J. E. 2012, ApJ, 758, L32
Perret, V., Renaud, F., Epinat, B., Amram, P., Bournaud, F.,
Contini, T., Teyssier, R., & Lambert, J.-C. 2014, A&A, 562, A1
Prieur, J.-L. Status of shell galaxies., ed. R. Wielen, 72–83
Quinn, P. J. 1984, ApJ, 279, 596
Rich, R. M., Collins, M. L. M., Black, C. M., Longstaff, F. A.,
Koch, A., Benson, A., & Reitzel, D. B. 2012, Nature, 482, 192
Ricotti, M. & Gnedin, N. Y. 2005, ApJ, 629, 259
Sa´nchez-Janssen, R., Ferrarese, L., MacArthur, L. A., Coˆte´, P.,
Blakeslee, J. P., Cuillandre, J.-C., Duc, P.-A., Durrell, P.,
Gwyn, S., McConnacchie, A. W., Boselli, A., Courteau, S.,
Emsellem, E., Mei, S., Peng, E., Puzia, T. H., Roediger, J.,
Simard, L., Boyer, F., & Santos, M. 2016, ApJ, 820, 69
Saviane, I., Held, E. V., & Bertelli, G. 2000, A&A, 355, 56
Schweizer, F. 1982, ApJ, 252, 455
Secker, J. 1995, PASP, 107, 496
Smith, R., Sa´nchez-Janssen, R., Beasley, M. A., Candlish, G. N.,
Gibson, B. K., Puzia, T. H., Janz, J., Knebe, A., Aguerri,
J. A. L., Lisker, T., Hensler, G., Fellhauer, M., Ferrarese, L., &
Yi, S. K. 2015, MNRAS, 454, 2502
Stierwalt, S., Besla, G., Patton, D., Johnson, K., Kallivayalil, N.,
Putman, M., Privon, G., & Ross, G. 2015, ApJ, 805, 2
Teyssier, R. 2002, A&A, 385, 337
Thomson, R. C. 1991, MNRAS, 253, 256
Thomson, R. C. & Wright, A. E. 1990, MNRAS, 247, 122
Toloba, E., Guhathakurta, P., van de Ven, G., Boissier, S.,
Boselli, A., den Brok, M., Falco´n-Barroso, J., Hensler, G., Janz,
J., Laurikainen, E., Lisker, T., Paudel, S., Peletier, R. F., Rys´,
A., & Salo, H. 2014, ApJ, 783, 120
Turnbull, A. J., Bridges, T. J., & Carter, D. 1999, MNRAS, 307,
967
Voyer, E. N., Boselli, A., Boissier, S., Heinis, S., Cortese, L.,
Ferrarese, L., Cote, P., Cuillandre, J.-C., Gwyn, S. D. J., Peng,
E. W., Zhang, H., & Liu, C. 2014, A&A, 569, A124
Wilkinson, A., Prieur, J.-L., Lemoine, R., Carter, D., Malin, D.,
& Sparks, W. B. 2000, MNRAS, 319, 977
Yozin, C. & Bekki, K. 2012, ApJ, 756, L18
